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isothermal remanence magnetization (RTSIRM) in zero field on cooling (ZFC) to 10 kelvin (K) for samples from the Nellis Dunes recreation area. The magnetizations during ZFC (RTSIRM(T)) are normalized to the initial magnetization at 300 K (RTSIRM(300)), which was imparted at 300 K in a 2.5-tesla field. 
Introduction
Atmospheric dust can affect atmospheric temperatures, melting of snow and ice, marine productivity, and human health. Among mineral particles in dust, ferric oxide minerals possess important radiative properties, can stimulate phytoplankton productivity, and may contribute to inflammation in the human lung, but these minerals remain poorly described with respect to presence in far-traveled aerosol, specific mineralogy (hematite or goethite), particle size, and surface area (Formenti and others, 2010) . The diverse effects of atmospheric dust can be better comprehended by characterization of iron minerals in dust. The distinction between hematite and goethite is useful for modeling the effects of dust on radiative forcing (that is, how dust affects the energy balance between incoming and outgoing solar radiation) in the atmosphere and in mountain snow and ice.
Results from studies of dust emission in the Nellis Dunes recreation area (NDRA; fig. 1 ) northeast of Las Vegas, Nevada, have been recently published by Goossens and Buck (2009a,b, 2011a,b) and Goossens and others (2012) . This 37-square-kilometer (km 2 ) area is the most popular site in southern Nevada for off-road vehicle (ORV) driving. In addition to natural dust emissions caused by wind erosion, large amounts of dust are produced by ORV activity. The situation has attracted concern with respect to human health and air quality because of the proximity of the NDRA to Las Vegas (the NDRA is about 6 kilometers (km) from the northeastern margin of the city) and because the regional wind regime sends NDRA-emitted dust into the city during most of the winter. Four major types of surfaces occur in the NDRA: sand and sand-affected areas, silt and clay deposits, rock-covered sands and silts, and bedrock. Most ORV-produced dust from the NDRA is generated from the silt and clay and the rockcovered areas, the latter of which may contain a silty substratum-the vesicular A (Av) horizon-with a thin, discontinuous cover of rock fragments. Much less ORV-produced dust comes from the sand areas, and almost no dust comes from the bedrock areas (Goossens and Buck, 2011a,b) .
Iron Mineralogy and Bioaccessibility of Dust Generated
Analytical results were obtained from three samples from the very uppermost soil for three units. The samples were obtained from bulk sediment dry fractionated to particle sizes 4.3 micrometers (µm) or less. According to the International Standards Organization's respirable convention curve, this size corresponds to a probability of 50 percent of penetration of respirable particles within workers' airways when working under a typical workload (Lee and others, 2011) . Samples were collected from the following units:
• a silt and clay unit (described by McLaurin and others (2011b) as unit 2.2), rich in arsenic, with some surface gravel that forms a portion of badlands topography in the NDRA; median diameter after dry fractionation is 4.3 µm • a well-developed desert pavement (described by McLaurin and others (2011b) as unit 3.1) with underlying silty Av soil horizon; median diameter after dry fractionation is 2.4 µm
• a rock-covered surface with silt and clay zones (described by McLaurin and others (2011b) as unit 3.2) that composes the greatest amount of surface area in the NDRA; median diameter after dry fractionation is 3.1 µm
All analyses were performed on less than a total of 2.5 grams of each dry fractionated sample. The purpose of our analyses was to characterize reflectance spectroscopy, magnetic, and chemical properties and bioaccessibility as a basis for better understanding (1) the relations between dust compositions and radiative properties and (2) potential health effects of dust emitted from the NDRA. The results presented here complement ongoing studies by others on NDRA dust (Goossens and Buck, 2011a,b; McLaurin and others, 2011a; Goossens and others, 2012; Soukup and others, 2012) , and they add to the body of expanding information and data about the properties and effects of atmospheric dust (Reynolds and others, 2011) .
Methods

Dry Fractionation and Particle Size Analysis
Samples were collected from the upper 2 to 3 centimeters (cm) of the topsoil, which produces the most dust when being disturbed by wind erosion or ORV driving. The samples were first dry sieved at 125 μm. The fraction that was less than 125 μm was then further dry fractionated to collect the fraction less than 4 μm using the soil fine particle extractor (SOFI-PEX) technique described by Goossens (2012) . This technique allows dry extraction of large volumes (dozens of grams and more) of fine particulate matter from bulk soil samples in a short time, usually in the order of minutes. After collection, the extracts were stored in plastic vials and then sent to the laboratory for further analysis.
Particle size distribution was determined with a Malvern Mastersizer S laser particle size analyzer. All analyses were done in water. No dispersion techniques were applied during the tests.
Reflectance Spectroscopy
Reflectance spectra of samples were measured to evaluate their mineral composition and to determine average reflectance values (table 1). Reflectance spectra were measured in the laboratory using an Analytical Spectral Devices, Inc., FieldSpec3 spectrometer, covering the wavelength range of 0.35 to 2.50 µm in 2,151 channels. A bidirectional reflectance measurement setup was used, with the light source and the fiber optic head of the spectrometer at fixed angles above the sample. For each sample, multiple reflectance measurements were made relative to a Labsphere, Inc., Spectralon white reference panel. The individual measurements were averaged, and the average spectrum ( fig. 2 ) was converted to absolute reflectance using the U.S. Geological Survey (USGS) Processing Routines in IDL (interface description language software) for Spectral Measurements (PRISM; Kokaly, 2011) software. [Sample ID, unique sample identification number. Total reflectance is average reflectance over entire wavelength range (0.35 to 2.50 micrometers (µm)). Visible reflectance is average reflectance over visible wavelengths (0.40 to 0.70 µm). Iron mineral fit, 1-µm minerals; dominant iron-bearing mineral identified. Fit values measure from 0 to 1 of the match of the identified mineral; highest values represent best match. Other mineral fit, 2-µm minerals; dominant other minerals identified. Other mineral fit results were derived from a different measurement than the iron mineral fit measurements due to potential influence from the background material in the 2-to 2.5-µm wavelength region. n. The mineral compositions of samples were characterized by analyzing their reflectance spectra with the material identification and characterization algorithm (MICA), a module of the PRISM software, which uses continuum removal to isolate diagnostic absorption features and linear regression to compare spectral features. MICA was used to compare the spectra of the Nellis Dunes samples to reference spectra of minerals and other materials in the USGS spectral library (version 6; Clark and others, 2007) . Mineral spectra can be divided into two classes that are naturally separated in the wavelength regions of their primary absorption features: iron-bearing minerals with electronic absorption features centered primarily in the visible and nearinfrared wavelengths (0.4 to 1.0 µm; commonly referred to as 1-µm minerals) and clays, carbonates, sulfates, and alterationrelated minerals with vibrational absorption features centered primarily in the shortwave-infrared wavelengths (2.0 to 2.5 µm; commonly referred to as 2-µm minerals). The MICA analysis computes a fit value, ranging from 0 to 1, between the sample spectrum and each reference material (Kokaly, 2011) . The reference spectrum with the highest fit value is termed the best fit.
Magnetic Properties
Magnetic properties provide information about the types, amounts, and grain sizes of magnetic iron oxide minerals. Magnetic properties at room temperature and at low temperatures (10-300 kelvin (K)) were determined on the dry-fractionated size fractions (table 2). 
Magnetic Susceptibility
Magnetic susceptibility (MS) was measured by using a susceptometer with a sensitivity higher than about 2 × 10 -9 cubic meters per kilogram. Samples were measured in a 0.1-millitesla (mT) induction at an MS low frequency (MS lf ) of 600 hertz (Hz) and MS high frequency (MS hf ) of 6,000 Hz. For each sample, the MS value was calculated as the mean of four measurements. Frequency-dependent magnetic susceptibility (FDMS) was calculated as follows:
Laboratory-Induced Magnetization at Room Temperature
Measurements from anhysteretic remanent magnetization (ARM) and isothermal remanent magnetization (IRM) experiments were made by using a high-speed spinner magnetometer. Anhysteretic remanent magnetization was imparted in a decreasing alternating field from a peak induction of 100 mT and a direct current (DC) bias of 0.1 mT. IRM was generated at room temperature by using an impulse magnetizer. First, IRM was imparted in a 1.2-tesla (T) induction (IRM 1.2T ). The samples then were magnetized in the opposite direction by using an induction of 0.3 T (IRM -0.3T ).
Hard isothermal remanent magnetization (HIRM; a measure of ferric oxide content) and the S-ratio (a measure of the relative amounts of low-coercivity phases (for example, magnetite and maghemite) to high-coercivity phases (for example, hematite and goethite)) were calculated as follows (King and Channel, 1991) :
S-ratio values near 1 indicate a high proportion of magnetite to hematite. Goethite is extremely hard to magnetize at room temperature in fields below 2.0 T (Rochette and others, 2005) and will contribute a negligible amount to HIRM or the S-ratio value even though it may be the abundant phase.
Hysteresis loops and backfield remanence curves at room temperature were measured on a vibrating-sample magnetometer using a saturating field of 1.0 T. Magnetic parameters determined from the hysteresis data include saturation magnetization (M s ), saturation remanence (M r ), coercivity (B c ), coercivity of remanence (B cr ), and high-field susceptibility (χ hf ). The shape of the loop was quantified using the hysteresis shape (σ hys ) parameter of Fabian (2003) . Hysteresis shape parameters were determined after the loops were corrected for high-field slopes using the approach to saturation fitting described in Jackson and Solheid (2010) . Coercivity of remanence was determined from DC backfield remanence curves. Samples were first given a remanence in a positive 1.0-T field and subsequently exposed to negative fields of increasing strength to 300 mT. The field where the remanence is zero is the coercivity of remanence. The magnetite weight percent was determined from the room-temperature bulk saturation magnetization values and the known value for pure magnetite (M s =92 ampere square meters per kilogram (Am 2 /kg)) as follows: 
Laboratory-Induced Magnetization at Low Temperature
Low-temperature (10-300 K) magnetic properties were measured using a Quantum Design, Inc., Magnetic Properties Measurement System. Low-temperature isothermal remanent magnetization (LTIRM) was imparted using a 2.5-T field on samples that had been cooled to 10 K in the absence (zerofield cooling, ZFC) or presence (field cooling, FC) of a 2.5-T magnetic field. LTIRM was measured on warming in zero field to 300 K in 5-K increments. Samples were also given an IRM in a field of 2.5 T at 300 K (room-temperature saturation isothermal remanent magnetization; RTSIRM), and magnetization was measured during cooling to 10 K and during warming back to 300 K in zero field at 5-K increments. The low temperature remanence ratio (R LT ) was calculated to describe the shapes of the FC and ZFC curves (Liu and others, 2006; Smirnov, 2009 ), as follows:
where IRM(10K) FC is field cooling IRM at 10 K and IRM(10K) ZFC is zero-field cooling IRM at 10 K.
Mössbauer Spectroscopy
Mössbauer spectra were measured at 4.2 K and 300 K on dry-fractionated size fractions for two samples (from units 2.2 and 3.2) to characterize iron oxide mineralogy and to determine iron phases present. Measurements were made at 4.2 K using a conventional constant-acceleration spectrometer in transmission geometry with a cobalt-57 and rhodium ( 57 Co/Rh) source. An alpha-iron foil at room temperature was used to calibrate isomer shifts and velocity scale. The magnetic hyperfine parameters (table 3) including the hyperfine field (B HF ), isomer shift (IS), and quadrupole splitting (QS) were fit using the NORMOS program (Brand, 1987) .
Chemical Properties
Total Chemical Composition
Dry-fractionated samples were analyzed to determine their chemical composition using inductively coupled plasmamass spectrometry (ICP-MS) following acid digestion (Briggs and Meier, 2002) . Chemical composition is represented by 37 major, minor, and trace elements (table 4). In Vitro Bioaccessibility Analysis
In vitro bioaccessibility analyses (IVBAs) are physiologically based extraction tests used to estimate the bioaccessibility of metals and metalloids along human exposure pathways. Bioaccessibility is defined as the amount of an element soluble in a simulated gastric fluid and available for uptake by the body (Ruby and others, 1996) . Our IVBA tests simulated gastric, lung, and phagolysosomal fluids. The methodology of leaching Earth materials with fluids compositionally similar to those of the human body is used widely to examine the effects of contaminants on human health. All extraction solutions were analyzed by ICP-MS (table 5; Lamothe and others, 2002) . Duplication of IVBA extractions was not possible due to the very small amount of sample available.
The simulated gastric fluid (SGF; with a pH of 1.5) extraction method (Morman and others, 2009 ) used here is based on a method developed by Drexler and Brattin (2007) and approved by the U.S. Environmental Protection Agency (2008) to measure bioaccessibility of lead. This method is currently being reviewed for use in determining arsenic bioaccessibility (Bradham and others, 2011) . Simulated gastric fluid extraction samples are typically sieved to less than 250 µm because particulates of this size fraction or smaller are most likely to adhere to the hands of children and be ingested (Van Wijnen and others, 1990); however, our tests were performed on the dry-fractionated samples of much smaller particle sizes.
Application of IVBA tests to inhalation pathways is a relatively new technique, and these methods have not been accepted for regulatory purposes. Nevertheless, simulated lung (SLF) and phagolysosomal (SLyF) fluids (Herting and others, 2006; others, 2005, 2006) permit modeling of in vivo solubility, an important physiochemical factor. The SLF has neutral pH (7.4), whereas the SLyF simulates the pH (4.5) that is present when particles are engulfed by pulmonary alveolar macrophages, which are the specialized lung cells involved in particle removal from the lung. Samples for SLF and SLyF extractions are usually sieved to less than 20 µm. This fraction is an approximation of the size deemed to be respirable (generally less than 5 µm). Our tests were performed on the dry-fractionated samples with median grain sizes comparable to respirable size fractions. 
Results
Reflectance Spectroscopy
Average reflectance values range from 0.5842 to 0.6464 (table 1) across the entire wavelength range of the instrument (average total reflectance), and from 0.3234 to 0.3926 across the visible wavelength region, 0.40 to 0.70 µm (average visible reflectance). Diagnostic absorption features arising from the minerals in the samples were centered near 0.51 µm, 0.90 µm, and 2.21 µm. Generally, the absorption features in the sample spectra were weak, as determined by the shallow band depth of the absorption features (see the discussion of band depth in Kokaly, 2011) . The weak absorption features near 2.3 µm may be caused, in part, by absorption by the plastic background behind the samples.
The absorption features in the 1-µm region of the spectra of the samples from units 3.1 and 3.2 were matched to the reference spectrum of a thin coating of goethite on quartz (table 1; Clark and others, 2007) . The wavelength positions of these weak absorption features indicate that the goethite is in low abundance and fine-grained or possibly nanocrystalline. Absorption features in the sample from unit 2.2 were even weaker, and the spectrum was not matched to any of the reference spectra of iron-bearing minerals.
The absorption features in the 2-µm region indicate the presence of montmorillonite clay in low abundance in the sample from unit 2.2 (table 1); the sample's spectrum matched the calcium-rich montmorillonite reference spectrum with a higher fit value as opposed to the sodium-rich montmorillonite reference spectrum. Samples from units 3.1 and 3.2 are best matched by the reference spectrum of calcium-rich montmorillonite clay and a mixture of calcite (80 percent) and calcium-rich montmorillonite clay (20 percent), respectively (calcite.8+montmorillonite_Ca.2, table 1). Lower fits to other reference spectra indicate the possibility that trace amounts of illite and (or) muscovite may be present in the samples from units 3.1 and 3.2. Reference spectra of calcite have a 2.3-µm absorption feature. An absorption feature near this position is present in the sample from unit 3.1 but does not have a high fit to the reference feature. Therefore, the weak spectral feature in this sample indicates calcite is present in a lower abundance than the other minerals.
Magnetic Properties
Hysteresis and Low-Temperature Results
At high fields, the hysteresis loops show a positive-slope characteristic of paramagnetic or antiferromagnetic minerals. After correction for the high-field susceptibility (Jackson and Solheid, 2010) , the hysteresis loops display magnetic behavior typical of ferrimagnetic minerals like magnetite. However, the σ hys parameters were all greater than zero, indicating a slight wasp-waisted shape due to a possible mixture of lowand high-coercivity minerals (Fabian, 2003) . Magnetite and titanomagnetite are common low-coercivity minerals, and ferric oxide minerals, such as hematite and goethite, are common high-coercivity minerals. The presence of magnetite was confirmed by the RTSIRM curves showing the characteristic Verwey transition (Verwey, 1939) of magnetite (Verwey transition temperature (T V ) is about 120 K) in all three samples ( fig. 3 ), but the abundance of magnetite is extremely low. From the M s values at room temperature, the weight percent of magnetite was found to vary from 60 parts per million (ppm; sample from unit 2.2) to 360 ppm (samples from units 3.1 and 3.2). The remanence (M r /M s ) and coercivity (Bcr/Bc) ratios have values typical of pseudo-single-domain magnetite particles (magnetic grain sizes about 1-10 µm). HIRM values were larger in units 3.1 and 3.2 than in unit 2.2, indicating higher concentrations of high-coercivity minerals (like hematite) in units 3.1 and 3.2.
The FC and ZFC remanent magnetization curves show continuous decreases in magnetization with increasing temperature coupled with FC curves displaying stronger magnetizations than the corresponding ZFC curves until converging near 300 K (fig. 4 ). There was no indication of the Morin (1950) transition (temperature = 250-260 K) associated with coarsegrained, crystalline hematite in any of the three samples, but there was a minor expression of the Verwey transition associated with magnetite in samples 3.1 and 3.2. The R LT ratio was 2.7 for sample 2.2 and 1.4 for samples 3.1 and 3.2. The FC-ZFC behavior represented by the R LT ratio values confirms the presence of a mineral that has high coercivity and is not saturated in a 2.5-T field, which is consistent with a significant fraction of goethite in all three samples (Guyodo and others, 2003; Liu and others, 2006; Smirnov, 2009) . Furthermore, the higher R LT ratio in the sample from unit 2.2 compared with those in the samples from units 3.1 and 3.2 indicates that the sample from unit 2.2 has a larger fraction of goethite relative to magnetite. In pure end-member cases, magnetite has R LT ratios less than 1.4 (Smirnov, 2009 ), but goethite can have R LT ratios greater than 2.0 (Guyodo and others, 2003; Liu and others, 2006) .
Mössbauer Spectroscopy
The Mössbauer spectra at 4.2 K and 300 K for the samples from units 2.2 and 3.2 were fit to multiple doublets and sextets representing magnetically ordered goethite and hematite, and paramagnetic ferric (Fe 3+ ) and ferrous (Fe 2+ ) phases. The hyperfine parameters are listed in table 3. At 4.2 K, the spectra are dominated by Fe 3+ paramagnetic doublets (more than 50 percent of total iron). However, due to the broadened resonant peaks and multiple components, it was not possible at the time of the study to assign specific mineral phases to the paramagnetic doublets. Goethite was detected in both samples and composed approximately 30 percent of the iron-bearing phases. A smaller amount of hematite (11 to 13 percent) was also detected in the sample from unit 3.2 at 4.2 K and 300 K. It was not possible to obtain reliable fits for magnetite in either sample because it occurred in such low concentrations (less than 0.1 percent, as determined from magnetization experiments) that it was well below the detection limits (about 1 percent of total iron) for Mössbauer spectroscopy.
Mössbauer analysis for samples from units 2.2 and 3.2 was also carried out at 300 K. The characteristic sextet associated with goethite found at 4.2 K was missing at 300 K and reflects complete magnetic order for goethite only at very low temperatures even though the Néel temperature for pure goethite is about 373 K. The difference between the 4.2 K and 300 K spectra is due to magnetic relaxation and shows that goethite is superparamagnetic at 300 K and exhibits a doublet (unblocked and cannot carry remanence) but becomes blocked at temperatures higher than 300 K. This confirms that a significant fraction of goethite occurs as nanogeothite with particle sizes less than about 20 nanometers (nm). This size fraction will not contribute to remanence properties (saturation isothermal remanent magnetization (SIRM), HIRM) at 300 K.
A magnetically ordered sextet for hematite is observed at 4.2 K and 300 K in the sample from unit 3.2, indicating that most of the hematite is not superparamagnetic for temperatures less than or equal to 300 K and will contribute to roomtemperature remanence properties (SIRM, HIRM). Moreover, the quadrupole splitting (QS) parameter at 4.2 K is negative (table 3), indicating that a significant fraction of the hematite phase in the sample from unit 3.2 is still above the Morin transition even at 4.2 K and is still in its canted antiferromagnetic 
EXPLANATION
state. This is consistent with the absence of the characteristic Morin transition for hematite in the LTIRM remanence curves. Suppression of the Morin transition in hematite can occur due to reduced crystallinity, cation substitution (for example, titanium (IV) and aluminum (III)), or small particle effects (diameter (d) less than 100 nm; Murad and Johnston, 1987) . The presence of hematite in unit 3.2 is also consistent with HIRM values.
In Vitro Bioaccessibility
Leaching results for selected elements vary in solubility relative to the pH of the IVBA fluids (table 5) . In general, solubility and bioaccessibility of elements were lowest in the neutral pH SLF and highest in the SGF. The elevated bioaccessibility and total concentration of arsenic in all fluids in the sample from unit 2.2 indicate large concentrations of leached arsenic per kilogram of solid. Three metals (copper, uranium, and vanadium) have a higher leachate concentration and bioaccessibility in the SLF than in the SLyF. Despite total iron concentrations from nearly 22,000 to 29,000 ppm, iron bioaccessibility is minimal in the SGF (less than 0.5 percent), and leach concentrations were below the detection limit in the SLF and the SLyF.
Discussion
Iron oxide minerals, and especially the ferric oxides such as hematite and goethite, are important for issues of atmospheric dust. The iron oxide minerals in dust are capable of absorbing solar radiation. Whereas strongly magnetic (ferrimagnetic) magnetite (Fe 3 O 4 ) depresses reflectance across the full spectrum of solar radiation, the weakly magnetic (antiferromagnetic) ferric oxide minerals have capacity to absorb strongly in the visible and near-infrared wavelengths. Radiative properties of iron oxide minerals thus have an effect on the ways by which dust can affect weather and climate (Gassó and others, 2010) and the melting of snow and ice (Painter and others, 2007) . Furthermore, ferric oxide minerals have the capacity to absorb metals and thereby have relevance to human-health issues approached through our bioaccessibility methods.
A central contribution of this study is a demonstration of combined techniques to determine with high specificity the iron oxide minerals in atmospheric dust. Most importantly, we identified by multiple, independent methods the presence of goethite, possibly nanosized. The presence of hematite was detected using Mössbauer spectroscopy and magnetization measurements but was not convincingly supported by other methods.
There are too few samples from the NDRA to draw any inferences about relations among magnetic properties, iron mineralogy, and radiative properties. Nevertheless, the data for these samples contribute to data accumulated for atmospheric dust originating from source regions elsewhere in North America, Australia, as well as southern and northern Africa (Moskowitz and others, 2011; Reynolds and others, 2011) . The values for reflectance and magnetic properties of the samples from the NDRA are very tightly grouped relative to the ranges of values obtained from the much larger, global dust suite.
In vitro bioaccessibility tests are becoming more commonly used in the United States, especially to examine contaminated, urban, and geogenic or naturally produced Earth materials. Controls on element mobility and bioaccessibility may include particle size, soil pH, and the presence and types of clays and (or) iron or manganese oxides. Mineral phase is an important control on lead and arsenic bioaccessibility (Ruby and others, 1996) . In these experiments on the samples from the NDRA, solution pH was evaluated as the primary variable on element mobility because particle sizes are nearly the same for all samples and because of a lack of information on mineral forms. Extrapolation of the IVBA results to human health risk is difficult because many physiological factors control uptake of elements by the body. With the exception of lead (U.S. Environmental Protection Agency, 2008), little work has been done to evaluate bioaccessible concentrations for other elements or their application in determining relative bioavailability values in an environmental setting where exposures are generally low dose but chronic. Nonetheless, for some metals (arsenic, cadmium, copper, manganese, lead, and uranium), upwards of 50 percent of the total concentrations are soluble in the simulated body fluids, particularly in the SGF. Despite the uncertainties with factors that control the uptake of these metals by the body, the elevated solubilities of these metals may lead to associated health risks.
The methodology and data presented in this report not only complement ongoing studies but also prescribe techniques and provide information for future studies of the effects of dust within the NDRA and globally. The ability to characterize atmospheric dust in terms of iron phases, iron oxide mineralogy, radiative properties, and bioaccessibility is essential for understanding dust effects from local to global scales.
